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   Microfibrillar structure in (SN)x was studied by SEM, TEM and STM. The structure 
is introduced by microtwinning on(100) plane of (SN)x during the solid state polymerzation 
from S2N2. The lateral size of microfibrils caused by such microtwinning was several nm in 
width. The very narrow distribution of the lateral crystal sizes can be qualitatively explained 
by an idea that with increasing lateral crystallite size the lateral growth rate decreases 
exponentially due to lattice misfit between the S2N2 and (SN)x crystals. 
KEY WORDS: Polymeric sulfur nitride/ Microtwin/ Solid state polymerization/ 
Fibrillation/ 
                           I. INTRODUCTION 
   Since Walatka et al.' pointed out the possibility that polymeric sulfur nitride 
(SN) x is an one-dimensional metallic conductor, many studies by electrical, 
magnetic, optical and structural methods have been carried out to investigate 
its metallic and superconducting2) properties. The electrical properties are now 
considered to be characteristic of an anisotropic three-dimensional metal rather 
than a quasi-one-dimensional one. 
(SN) x is prepared by the thermal polymerization (solid state polymerization) 
of vapour-phase-grown crystals of dimer S2N23). Usually (SN) x is obtained in 
a defect-rich crystalline state with a size of mm, all over which microfibrillar 
structures of 5-10 nm width are formed. These microfibrous structures are 
considered to be resulted from the solid state polymerization proceeding through 
microtwinning process3). 
   In order to explain the Meissner effect and the susceptibility at the supercon-
ducting transition region in (SN) x, the bundle modelo and the weakly coupled 
filamentary superconductor models) were proposed from the microstructural point 
of view. In order to improve electrical properties, (SN)x was doped with bromine 
or iodine atoms and it is believed that the dopants are intercalated among polymer 
chains to form a sort of super-lattices). In this case the dopants were found to 
invade preferentially along the chain axis7). Therefore not only the chain orienta-
tion but also the presence of this microfibrous texture influence strongly most of 
macroscopic properties of (SN)x crystals. A detailed investigation of the structure 
is essential for the understanding of their properties. 
* W11 ~, ett~.*, RT J I IT , fr -- : Laboratory of Polymer Crystals, Institute 
 for Chemical Research, Kyoto University. 
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                           II. EXPERIMENTAL 
(SN) x crystals were grown by the spontaneous solid state polymerization of 
single crystals of S2N2, which was produced beforehand by the thermal decompo-
sition of S4N4 passing through a heated silver wool". The (SN) x specimen was 
evacuated for 1 day in order to eliminate any traces of S2N2 before further 
experiments. For transmission electron microscopic (TEM) experiments the (SN) x 
crystal was crushed into fine pieces in liquid nitrogen to prevent the crystal from 
severe deformation. Fine fibrous specimens thus prepared were examined with an 
electron microscope (JEM-200CS) operated at 200 kV. The surface of as-prepared 
(SN)x crystal was examined with scanning electron microscope (SEM), Hitachi 
S-310, and scanning tunnelling microscope (STM), Nano Scope II. 
   The crystal structure of (SN)x investigated is the monoclinic form; a=0.4153 
nm, b=0.4439nm (the chain axis), c=0.7637nm and P=109.7° 8). 
                     III. RESULTS AND DISCUSSION 
   By SEM observation, (SN)x has a fibrous morphology extended largely along 
in the chain axis and the width of the fibril is of some hundreds nm as shown in 
Fig. 1. Moreover in the fibrils, finer microfibrils (narrower than 10 nm in the 
direction normal to the chain axis) are observed by TEM as shown in a dark-field 
image of Fig. 2-a taken with hOl reflections. Such a microfibrillar structure is 
considered to come from the repitition of microtwinning on the (100) plane of 
(SN) x during the solid state polymerization3). Another twin mode was proposed 
by Stejny et a1.9), that is, a twin on (101) plane, from the fact that 200 and 102 




                                      ri                                                        .n0'
Fig. 1. Fibrillar texture of some hundreds nm width 
                        observed in SEM image from (SN)x surface. 
                         The chain axis is horizontal. 
   Further TEM observation on the finer microfibrils was carried out to take the 
lattice image of (SN) x. Figure 3 shows an example of lattice image in the (SN) x 
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       Fig. 2. a. Microfibrillar texture of several nm width in dark field TEM image 
               obtained by using 1101 reflections. The chain axis is vertical. b. Typical 
               selected area electron diffraction pattern, where the 002 and 102 reflec-
               tions are frequently observed together. 
fiber, where the chain direction (the b-axis) is shown by an arrow. Bands are 
seen, in which one kind of lattice fringes (corresponding to 002 spacing of 0.36 
nm) are running along the chain direction. The band width is several nm, 
corresponding to that of the bright domains in the dark field image in Fig. 2-a. 
Usually, we could not find two kinds of lattice fringes, (002) and (102), in a same 
area of such highly magnified images, while their reflections are simulteneously 
observed in the selected area electron diffraction pattern taken by normal way. 
Another lattice fringes corresponding to (012), spacing of 0.28 nm, is also observed 
partly in the image. 
   Figure 4 shows the relation in the reciprocal space between twinned crystals 
on (100) plane of (SN)x. The 002 and 102 reciprocal lattice points appear near 
in the same direction, but not exactly on the same Iine. When the orientation of 
microfibrillar crystallites varies a little from place to place, the both reflections are 
expected to appear together in a selected area electron diffraction pattern, because 
a relatively larger area is irradiated by electron beam. In a highly magnified 
image, however, lattice images only from a smaller area are photographed, so that 
the change of orientation of crystallites can be identified locally in a very small 
scale, when the Bragg reflections are excited. As only 002 lattice fringes are 
recorded in this case, one type of twinned crystals is observed as the band. 
   Such microtwin structure depends largely on conditions in preparation. For 
example, Nakada1t> has shown an improved method to prepare a larger single 
crystal of (SN) x by controlling the number of nuclei to grow. For his specimen, 
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       Fig. 3. Lattice images showing microtwin structure. Lattice fringes corre-
             spondeng to (002) spacing of 0.36 nm and to (012) spacing of 0.22 nm 
              are observed, and in particular the 002 lattice fringes are observed in 
              domains narrow in the lateral direction and long in the chain axis. 
002 reflection appearesin some cases without being accompanied with 102 reflection 
even in selected area electron diffraction. This means that microtwinning less 
frequently occurs by his method. 
   Baughman et a1.3) have already reported the favorable (100) twinin the consi-
deration of solid state polymerization as shown in Figs. 5 and 6. The S2N2 dimers in 
the single crystal are polymerized by the ring opening reaction and are crystallized 
to form (SN) x crystals whose chain axis coincides to the a-axis of the dimer 
crystal. The lattice matching between the S2N2 dimer and the (SN) x crystals is 
well in the case of (100) twinning shown in A of Fig. 6. The misfit is 1.3% for 
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             Fig. 4. The relation of the reciprocal attices (denoted by open 
                    and closed circles) of tiwinned crystals. The 002and 
                     102 reflections are expected to appear in nearly the same 
                      incidence of electrons. 
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     •• Fig. 6. Schematic drawing showing how the twin of 
            •(SN)
x occurs from the dimer crystal. As 
    c shown in Fig. 5, the a-axis of dimer transforms 
Fig. 5. A model for the solid state directly to the chain axis (the b-axis) of (SN)x. 
      polymerization of (SN)x from A; twin on (100) of (SN)x, B; twin on (101) 
SzN2 dimer single crystal of (SN)x. Here the B-type twin is energeti-
       through ring opening reac- cally unfavourable, if there is no large change 
       tion, described by Baughman in positions of dimer and the polymer mole-
     et al.3).cules during the polymerization. 
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the c-axis, 7.7% for the a-axis and —1.0% for the chain axis of (SN)x. Since 
there is no energetic  difference between polymerizations taking place in dimer 
crystals in the twin relation (two unit cells in the twin relation are shown with 
full and dotted lines in A of Fig. 6, respectively), the (SN)x crystallites with 
respective orientations are found with equal probability in the resulted polymer 
crystal retaining the twin relation one another. Another microtwinning mode, 
twinning on (101) plane proposed by Stejny et a1.9> shown in B of the figure, is not 
energetically favourable, but still expected. When the polymerization continues 
on the (101) plane by keeping the twin relation between the resulted polymer 
crystallites in the dimer crystal, the lattice misfit between both is higher. In this 
case the misfit values are the same for one of twinned crystals (shown by full 
lines) with the A mode, but higher for the other (dotted unit cell), that is, 9.3% 
for the c-axis and —17.1% for the a-axis. Such twinning on (101) was also 
observed in our experiment, although seldom. In our specimens, the (100) twin 
is predominant. 
   Next let us consider the crystallization process in (SN) x that realizes the 
observed microfibrillar structure. Some researchers have reported the regular (or 
periodic) stacking of band structures by electron microscopy, fov example, by the 
small angle electron diffraction method11) and by analysis of intensity modulation 
in streaked hkl electron reflections9). But for macroscopic specimens, such periodic 
nature was not detected by X-ray analysis and therefore the periodic stacking might 
be a very local phenomenon, if it would exist. For our specimens we did not find 
any signs of indicating the periodically banded structure. Nevertheless, the 
distribution of the band width seems to be so narrow that each band has roughly 
the same lateral size, as shown in dark field image (Fig. 2-a) and lattice image in 
Fig. 3. A similar fiber formation was described by Wegner et al.12) for poly 
(oxymethylene) prepared by the solid state polymerization of 1, 3, 5-trioxane. They 
considered that the polymer grows rapidly in the chain direction, but the crystal 
growth soon stops in the lateral directions, because the chains become out of 
register due to lattice misfit between the monomer and the poly(oxymethylene) 
crystals. 
   According to this idea, we present a simple model to explain the microfibrillar 
structures with roughly regular band width. Here, for simplicity, the anisotropy 
in the ac-plane is ignored and we treat the problem in two-dimension: along the 
chain axis and in the normal direction to the chain. Whether the microtwin on 
(100) or on (101) occurs, the lateral misfit is worse than that along the chain 
direction. The 52N2 dimers are polymerized easily into the (SN)x along the chain 
axis. As poly merization proceeds, the (SN) x crystal grows rapidly and linearly in 
the direction parallel to the chain axis; 
dRii/dt=k11 and k11=constant, 
but in the lateral direction the crystal grows following the next equation, 
dR1/dt=k1 and k1=k10 exp (—RI/Rio), 
where R11 and R1 are the crystal size at time t in the directions parallel and 
perpendicular to the chain axis, respectively, kp and k1 the growth rates (k1,>k±) 
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 Fig. 7. Schematic presentation of lattice misfitbetween the 
        dimer (I) and the polymer (0) as a projection along 
         the chain axis of the polymer. When polymer crystal 
         grows to the distance of R1, coherent crystallization is 
         no longer able to continue due to the large positional 
         misfit. 




  Fig. 8. Band structure simulated on the basis of the highly 
          anisotropic growth in the case of R1°=1. Models a-e 
         show the growth of band structure with time. 
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for corresponding directions, and k1° and Rio the constants. In the last equation 
the lateral growth rate k1 are assumed to decrease exponentially with increasing the 
lateral size R1, because molecular positions of polymers formed at the boundary 
between the polymer and the dimer crystals are more and more displaced from 
the registered positions for the polymer crystal lattice as the polymerization and 
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          Fig. 9. Distribution of crystal widths counted in the simulated band 
                 structures at the final state for R10=1 (0) and R10=20 (s). 
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      Fig. 10. STM image of (SN)x surfacewith constant unnel current mode. 
               Anisotropic feature is observed and barrel vaults(shown by A, B 
                and C) are found, which correspond to the band structureobserved 
              by TEM. 
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       the crystallization proceed (Fig. 7) . 
          A simulated time sequence of crystal growth using above equations is shown 
       in Fig. 8, where each black rectangle is one microfibrillar crystallite grown from 
       nuclei randomly produced in space and time. The vertical in the figure corresponds 
       to the chain direction. As expected from the growth equation for the lateral 
       direction, the crystal growth is decreased in nearly the same width shown in Fig. 8-e. 
      The distribution of the band widths is plotted in Fig. 9 for two R1° values; open 
       circles for the case of R10=1 and closed ones for R±0=20. From the crystallization 
       mechanism mentioned above, it is no wonder that the narrower distribution of band 
       width is attained for a smaller R10 value, because it is difficult to grow over a 
      threshold value of the width. 
          Such a microtwin structure on the surface could not be observed by SEM, 
      but possibly by STM because of its higher resolution. Figure 10 shows a surface 
       structure of microtwinned crystals, obtained by STM. Although the surface is 
       certainly contaminated in air, a structure like a range of mountains is found 
       along the chain axis and moreover barrel vaults with the width of about 5 nm 
       shown by A, B and C in the figure. These vaults are supposed to correspond to 
       the microtwin structure and the twinned crystals seem to grow in a form of 
      cylinder. It is not easy to interprete the STM image of (SN) x in atomic scale 
       due to the surface roughness and the highly anisotropic Fermi surface. Detailed 
       analysis of the STM atomic image is under way. 
                                  IV. CONCLUSIONS
          1. Microtwin structure was observed in (SN) x by TEM and STM, and the 
       twinning on (100) is most probable from electron microscopy and lattice matching 
        consideration. 
          2. The banded structure due to the microfibrillation is originated from the 
      high anisotropy of crystal growth rates and the regular alignment of the band 
       structures can be explained by the concept that the lateral growth rate is propor-
       tional to exp (—R1/R10). 
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